SUMMARY High voltage percutaneous electrical stimulation over the lumbosacral spinal column was used to assess conduction in the cauda equina of 13 normal subjects. Electromyographic activity elicited by such stimulation was recorded from various muscles of the lower limbs. The stimulating cathode was placed over the spinous process of each vertebral body and the anode kept on the iliac crest contralateral to the studied limb. Shifting the cathode in a rostro-caudal direction shortened the response latency in quadriceps, tibialis anterior and extensor digitorum brevis muscles. At moderate intensities (60% maximum), this occurred abruptly when the cathode was placed at levels corresponding to the exit sites from the spinal canal of the roots innervating these muscles. At these intensities, the size of the response in each muscle was largest when the cathode was placed over the conus medullaris or at or below the exit of the motor roots from the spine. 
SUMMARY High voltage percutaneous electrical stimulation over the lumbosacral spinal column was used to assess conduction in the cauda equina of 13 normal subjects. Electromyographic activity elicited by such stimulation was recorded from various muscles of the lower limbs. The stimulating cathode was placed over the spinous process of each vertebral body and the anode kept on the iliac crest contralateral to the studied limb. Shifting the cathode in a rostro-caudal direction shortened the response latency in quadriceps, tibialis anterior and extensor digitorum brevis muscles. At moderate intensities (60% maximum), this occurred abruptly when the cathode was placed at levels corresponding to the exit sites from the spinal canal of the roots innervating these muscles. At these intensities, the size of the response in each muscle was largest when the cathode was placed over the conus medullaris or at or below the exit of the motor roots from the spine. Latencies were always equal to or shorter than those obtained with F-wave measurements, suggesting that peripheral motor axons, rather than intraspinal structures were activated by the stimulus. Collision experiments demonstrated that activation occurred at two sites: near the spinal cord and at the root exit site in the vertebral foramina. Recordings made from soleus indicated that larger diameter proprioceptive afferent fibres also could be activated. This technique might have useful clinical applications in the study of both proximal and distal lesions of the cauda equina and provide a non-invasive method of localising such lesions electrophysiologically.
In 1982, Marsden, Merton and Morton' discovered that high voltage electrical stimulation over the cervical or lumbar spinal columns produced short latency EMG responses in relaxed muscles of the arm and leg respectively. Theoretically, various neural structures could be excited by this technique: motor and sensory intra-and extradural roots, motoneuron cell bodies, spinal interneurons and fibre tracts in the spinal cord. In a recent study, Mills and Murray2 have shown that such stimuli applied over the cervical column activate preferentially the motor roots near their exit from the spine. This form of stimulation can therefore provide a useful direct method of measuring peripheral motor conduction delays to muscles of the upper limb. The technique has advantages over conventional F-wave Percutaneous electrical stimulation of lumbosacral roots in man puborectal muscles, have used EMG latency difference obtained when stimulating over the spinal column at LI and L4 levels to investigate the function of the S3 and S4 roots in the cauda equina. They found that slowing of conduction in the cauda equina was a useful indicator of damage to intraspinal nerve roots. However, the precise site of stimulation was not defined in these experiments: it was necessary only to assume that the same site was activated in each individual when a given electrode montage was used. It was the aim of the present study to extend this technique further by investigating the possible sites at which stimulation occurs and documenting their differential thresholds.
Part of this work has been published in abstract form in the Proceedings of the Physiological Society, 13-14 February 1987 . J Physiol, 1987; 388, 53P.
Subjects and methods
Thirteen normal subjects (12 male, 1 female; age range: 28-64 years) were studied. All gave informed consent and approval of the local Ethical Committee was obtained. Additional experiments were performed on six of the subjects. Recordings were made from the following muscles of the right lower limb: quadriceps femoris (rectus), tibialis anterior, soleus and extensor digitorum brevis (EDB). In three subjects, additional recordings were collected from abductor hallucis brevis (AHB).
Muscle activity (EMG) was recorded with Ag-AgCl surface cup electrodes placed 2-3 cm apart, over the muscles bellies. Signals were amplified with Devices 3160 preamplifiers (filters at 80Hz and 2 5 kHz) and Devices 3120 amplifiers. Data Snooks and Swash6 suggested that activation may take place at some point mid-way between the electrodes. In order to reduce uncertainty over the site of stimulation, the present experiments were performed with the cathode over the spinal column, and the anode over the iliac crest contralateral to the leg being examined. A contralateral anode was chosen to prevent activation of peripheral nerves in the lumbosacral plexus, at some point between the two stimulating electrodes. Cathodal stimulation over the cord was preferred since it produced responses from all levels of cord at a slightly lower intensity than anodal stimulation. The precise location of the anode was not crucial: responses of similar latency were observed when the electrode was on the buttock or on the 12th rib. However, if the anode was moved nearer to the spinal column, the responses at any given intensity gradually became smaller.
In the main series of experiments, we analysed the differences in threshold, latency and size of responses obtained in leg muscles when the stimulating cathode was shifted rostrocaudally over the vertebral column, from TI 1 to SI. The responses were also compared with those elicited by stimulation of the corresponding peripheral nerves.
Latencies obtained in EDB were compared with peripheral latencies calculated using conventional F-wave methods.8 Supramaximal pulses were delivered to the deep peroneal nerve at the ankle by a DISA type 15E constant current unit, through conventional bipolar electrodes. At least 15 successive F-waves were recorded from EDB to define the shortest F-wave latency for this muscle. Total peripheral motor conduction time was calculated from the formula F+ 2 where F = latency of F-wave; M = latency of M-wave.
In three subjects we investigated whether stimulation over the spinal column could produce an F-wave in addition to direct M-wave responses. The F-wave in AHB was revealed using a collision technique.8 2 At the same time as a stimulus was given to the spine, supramaximal peripheral nerve stimuli were delivered to both the posterior tibial and deep peroneal nerves at the ankle. The antidromic volley from the peripheral nerve shock collides with and abolishes the orthodromic M-wave from spinal stimulation, leaving only the F-wave (from spinal stimulation) intact.
Results
With cathodal stimulation over the spinal column and an anode over the contralateral iliac crest, the intensity needed to elicit EMG responses in leg muscles was 30-60% of the maximal output of the stimulator. Maximal size potentials were usually obtained with an intensity of 60-80%. Such stimuli caused only moderate discomfort to the subject, due to contraction of the paravertebral muscles.
(1) Rostrocaudal displacement of the cathode Progressive rostrocaudal displacement of the stimulating cathode from T 11 to S1 vertebrae resulted in sudden shortening of the latencies of EMG responses from quadriceps, tibialis anterior and EDB in all 13 subjects (fig 1) . In soleus, the situation was somewhat different and will be described separately.
The latency difference between stimulation over T11 and S1 vertebrae at a moderate intensity of about 60% max in all 13 subjects was 1-4, 0-6 ms (mean, SD) for quadriceps, 2 (fig 1) .
The size of the response also changed as the cathode was moved down the spine. With minor variations from subject to subject, the responses recorded in each muscle were largest when the cathode was placed over TI I-LI or L4-S1 (fig 1) . When stronger stimuli were used, the latency change was more gradual as the cathode was moved down the spine, and the size differences at each site were not so pronounced. The shape of the maximal responses elicited by spinal stimuli and peripheral nerve shocks (M-waves) was very similar (fig 1) .
The size ratio between the largest responses to spinal stimuli and maximal M-waves was not studied systematically. However, in quadriceps, tibialis anterior and EDB of three subjects this ratio was of the order of 40-80% when stimulating over the conus medullaris (TI -LI) and 70-90% when stimulating at the exit of the corresponding roots from the spine. (fig 7) . The latency of the first peak became shorter while that of the second component increased. The latter had a lower threshold, except in two subjects who showed first a small early component when stimulating over L5 or SI.
At a given site of stimulation, for example S1, increasing the stimulus intensity resulted in a progressive reduction of the amplitude of the second peak in parallel with an increase of the size of the first one (fig 6) . In some individuals, the late component disappeared when very strong shocks were used.
Background voluntary contraction of the soleus markedly enhanced the late response whereas contraction of the antagonist muscles or vibration applied on the Achilles tendon prior to and during the shock reduced it (fig 7) . When only a late response was observed it behaved in a similar manner. Background contraction or vibration did not have this effect on responses in other leg muscles.
Discussion
Several previous investigators' 5-7 have used high voltage stimulation over the lower spinal column to elicit EMG responses in relaxed muscles of the legs.
Rossini et al7 and Snooks and Swash6 used a longitudinal stimulating electrode montage, with the anode rostral in the first case and caudal in the second, but they could not elicit responses if the electrodes were placed over low lumbar or sacral levels. This was not the case in the present study. With the anode on the iliac crest contralateral to the leg under investigation and the cathode over the spinal column, responses could be obtained at levels from Tl 1 to SI in all subjects tested. Preliminary experiments showed that if the anode was moved nearer the spinal column, the size of responses obtained with the present montage was reduced. It may therefore be that the large interelectrode distance used in the present study provided a more efficient method of stimulation than that used previously.
The EMG responses in all muscles changed as the cathode was displaced caudally from TII to SI. In EDB, tibialis anterior and quadriceps muscles, there were two principal effects. (1) from the spine (L2/L3 for quadriceps; L4/L5 for tibialis anterior and L5/S1 for EDB). The mean differences in latency obtained when stimulating over TII and S1 were 1 4 ms for quadriceps, 2 4 ms for tibialis anterior and 3 ms for EDB. If we assume that the motor conduction velocity in the roots to the leg is about 50 m/s,9 these latencies correspond to conduction distances of some 7 + 2-5 cm (mean, SD) for quadriceps, 12, 6 5 cm for tibialis anterior and 15, 5 cm for EDB. These values are slightly shorter than those quoted by Sunderland4 for the lengths of the lumbosacral roots to L2, L5 and S1: 11-2, 14-3 and 15 6 cm respectively. This might be explained by the possibility that motor conduction velocities in the proximal segments of the roots are less than 50 m/s, or that stimulation over TI1 activates the roots at some distance from the cord. Stimulation at both levels seems to involve direct activation of motor axons rather than spinal tracts or interneurons. This is because (1) peripheral motor delays estimated using F-wave latencies were always slightly longer than those with direct spinal stimulation, and (2) spinal stimulation at both sites produced both a direct M-wave and an indirect F response. At T 11, the average peripheral motor delay to EDB calculated using F-wave latencies was 0 7 ms longer than when using direct stimulation, whilst the average interval between the M and the F-waves pro- de Noordhout, Rothwell, Thompson, Day, Marsden ulus intensity was increased the interval between M and F-waves set up by stimulation over L3 decreased by the same amount as the latency of the direct (M) response. The most likely explanation for this is that at higher intensities, F-waves continued to be initiated at a proximal, more excitable site, whereas the site for initiation of the direct (M) response became more distal.
Recordings made from soleus indicate that afferent structures are also excited by spinal stimulation. With weak stimuli, the latency of the response in soleus increased as the cathode was moved more caudally. With stronger stimuli, the response was often preceded by a first peak which came earlier at low stimulation sites. Thus, the two components were separated by a greater interval when the cathode was moved down the cord.
It is well known that stimulation of the sciatic nerve usually evokes an H-reflex in soleus, by activation of large diameter Ta proprioceptive afferent fibres. 3 This reflex usually has a lower threshold than the direct M-wave, its size is increased by background voluntary contraction of the soleus,'3 whereas it is reduced by activation of antagonist muscles or by a vibration applied over the muscle tendon. '4 15 In our experiments, the lower threshold of the late response observed in soleus and the fact that voluntary background contraction of this muscle increased its size while dorsiflexion of the foot or vibration (50 
